In Brief
Wang et al. discover a new Early
Cretaceous enantiornithine bird preserving a pellet including fish bones. This finding represents the first evidence that some enantiornithine birds were piscivorous and that distinctive features of modern avian digestive system were well established in some Early Cretaceous birds.
SUMMARY
Modern birds differ from their theropod ancestors in lacking teeth and heavily constructed bony jaws, having evolved a lightly built beak and a specialized digestive system capable of processing unmasticated food [1, 2] . Enantiornithes, the most successful clade of Mesozoic birds, represents the sister group of the Ornithuromorpha, which gave rise to living birds [3] . Nevertheless, the feeding habits of enantiornithines have remained unknown because of a lack of fossil evidence. In contrast, exceptionally preserved fossils reveal that derived avian features were present in the digestive systems of some non-enantiornithine birds with ages exceeding 125 million years [4, 5] . Here, we report a new piscivorous enantiornithine from the Early Cretaceous Jehol Biota of China. This specimen preserves a gastric pellet that includes fish bones. The new enantiornithine, like many modern piscivores and raptors, seems to have swallowed its prey whole and regurgitated indigestible materials such as bones, invertebrate exoskeletons, scales, and feathers. This fossil represents the oldest unambiguous record of an avian gastric pellet and the only such record from the Mesozoic. The pellet points to a fish diet and suggests that the alimentary tract of the new enantiornithine resembled that of extant avians in having efficient antiperistalsis and a two-chambered stomach with a muscular gizzard capable of compacting indigestible matter into a cohesive pellet. The inferred occurrence of these advanced features in an enantiornithine implies that they were widespread in Cretaceous birds and likely facilitated dietary diversification within both Enantiornithes and Ornithuromorpha.
RESULTS
The new enantiornithine bird was collected from the Lower Cretaceous Jiufotang Formation (approximately 120 million years old) near Dapingfang Town, Chaoyang Country, Liaoning Province, northeastern China [6] . The specimen is housed at the Institute of Vertebrate Paleontology and Paleoanthropology (IVPP) under collection number IVPP V22582 and is publicly accessible. IVPP V22582 is referable to Enantiornithes on the basis of the following synapomorphies ( Figure 1 ; see also Figure S1): the caudal end of the dentary is unforked and caudoventrally inclined; the furcula is Y shaped with a long hypocleidium; the coracoid lacks a procoracoid process and has a convex lateral margin; the central part of the proximal margin of the humerus is concave; the ulna bears a longitudinal groove; the minor metacarpal projects further distally than the major metacarpal; and metatarsal IV is thinner than metatarsals II and III [7] . A comprehensive phylogenetic analysis of Mesozoic birds places IVPP V22582 in a derived position within Enantiornithes (see also Figure S2 ; Supplemental Experimental Procedures). A detailed morphological study of the new specimen is in preparation and will be presented in a separated paper.
A spindle-shaped cluster of fish bones, with long and short axes measuring 22.6 mm and 7.1 mm, respectively, is overlapped by the right humerus ( Figure 2A ). The bones include vertebrae, neural spines, and unidentifiable fragments ( Figure 2B ). They are most likely attributable to the teleost Lycoptera, the most abundant fish at this locality. The proximity of the spindle-shaped structure to the skeleton of IVPP V22582 suggests the former represents a pellet regurgitated by the bird shortly before, or even at, the time of death. This conclusion is reinforced by the sharp boundary between the brown matrix enclosing the densely concentrated fish bones and the white host matrix of the slab, which implies that the spindle-shaped structure was cohesive and well defined like the pellets of modern birds [8] . Because of these characteristics and the lack of fish bones elsewhere on the slab, the aggregation is unlikely to be a preservational artifact.
DISCUSSION
In living vertebrates, indigestible food items are either expelled in fecal matter through the anus (or cloaca) or regurgitated through the mouth. Production of orally regurgitated pellets is characteristic of such living birds as raptors and seabirds [9, 10] , with a few exceptions [11] , and also takes place in crocodilians, many squamates, and some marine mammals [8, 12] . In birds, the stomach is divided into a cranial proventriculus and a caudal gizzard. Because the pyloric opening between the gizzard and the small intestine is small and arises superiorly, much of the Abbreviations are as follows: bc, braincase; fr, frontal; fu, furcula; gp, gastric pellet; lc, left carpometacarpus; lco, left coracoid; lf, left femur; lh, left humerus; lp, left pubis; lr, left radius; ls, left ischium; lt, left tibiotarsus; lu, left ulna; rc, right carpometacarpus; rco, right coracoid; rf, right femur; rfi, right fibula; rh, right humerus; ri, right ilium; rp, right pubis; rr, right radius; rs, right ischium; rt, right tibiotarsus; rta, right tarsometatarsus; ru, right ulna; ps, premaxillary symphysis; st, sternum; sy, synsacrum. Scale bar, 10 mm. See also Figure S1 for interpretative drawing.
food ingested by the bird remains in the muscular, thick-walled gizzard, which may contain pebbles known as gastroliths [1, 13] . Within the gizzard, food is broken down by gastric acid and muscular contractions, aided by gastroliths if these are present. The liquefied digesta are forced into the intestines by the gizzard's contractions and subjected to further digestion. However, the small intestine is considerably less muscular than the gizzard and consequently is vulnerable to damage from hard indigestible items such as bones [1, 13, 14] . Accordingly, indigestible items remain in the gizzard, where they can be compacted into a pellet by powerful muscular contractions [15] , and eventually regurgitated through antiperistalsis. The process of forming and regurgitating pellets is physiologically important in living birds, and some raptors must regurgitate a pellet before having another meal. Ejection of indigestible items improves digestive efficiency by freeing some of the limited space and surface area within the gastrointestinal tract, making it available for processing digestible materials [8] , and also reduces body weight by eliminating food residues that essentially constitute ballast.
Multiple lines of evidence suggest the cluster of fish bones in IVPP V22582 is more likely to be a pellet than a coprolite (preserved fecal deposit). First, it seems unlikely that the bones in the cluster could have passed through the intestines and cloaca. Although the exact diameter of the pyloric opening and small intestine cannot be determined in IVPP V22538, this parameter was almost certainly prohibitively small. In adult great horned owls, which can weigh 1.5 kg [15] , the pyloric opening is only 1.5 mm across [16] . IVPP V22538 represents a much smaller bird, with a mass of only 106 g according to the equation in [17] . The fish bones include many long, sharp rib fragments more than 2 mm long, which could have caused fatal injuries had they been forced into the small intestine. Second, the elongated oval shape of the preserved structure and the cohesiveness of its contents are characteristics seen in previously known examples of two-dimensionally preserved gastric pellets [18] , such as those reported from the Oligocene of Germany (possibly produced by owls) [19] , whereas coprolites are often irregular in shape. Bones and other residues within a pellet are typically cemented by gastric secretions, providing a degree of structural integrity. Field observations of modern avian pellets show that these structures can remain intact for years under natural exposure [20] , increasing their odds of entering the fossil record. Third, bones preserved in coprolites generally display more extensive signs of digestive erosion than those preserved in pellets, although the degree of damage varies according to the identity of the predator and the size of the prey [21] . In the bone cluster preserved in IVPP V22582, however, microscopic examination reveals no erosion even in the case of delicate ribs (less than 0.2 mm in width). The absence of damage would be hard to explain under the assumption that the bone cluster was a coprolite rather than a pellet.
The holotype of the basal ornithuromorph bird Piscivoravis lii (IVPP V17078) from the Jiufotang Formation preserves two clusters of fish bones ( Figures 2C and 2D ) [22] . As in IVPP V22582, these clusters are oval in shape, comprise cohesive aggregations of bones, and are bound in a matrix differing lithologically from that of the host slab. The two clusters are located near the dentary and abdomen of the ornithuromorph, indicating that they are not coprolites. Our identification of the bone cluster in IVPP V22582 as a pellet is strengthened by its similarity to the probable pellets in IVPP V17078 and by its own location relative to the skeleton. Although IVPP V22582 is disarticulated, most of the bones retain their approximate natural positions (cranial and pectoral elements closer to one edge of the slab, and pelvis and legs closer to the opposite edge). The cluster of fish bones is placed within the upper body, far away from the pelvis (Figure 1) .
A cluster of fish bones (belonging to the teleost Jinanichthys) was previously reported in a specimen of the basal bird Confuciusornis from the Jiufotang Formation and was interpreted as a pellet [23] . The cluster is overlain by the cervical vertebrae, preventing satisfactory assessment of its shape. In contrast to the situation in IVPP V22582, the matrix around the fish bones is indistinguishable from that of the rest of the host slab. A recent reevaluation of the fossil suggested the cluster of fish bones was likely a preservational artifact [5] , and no other putative Confuciusornis pellets have been described even though hundreds of articulated skeletons are known. A small number of possible pellets have been reported from Mesozoic deposits [8] , but such fossils are uncommon and almost never preserved in association with a likely producer. Mesozoic pellets have been tentatively attributed to various vertebrates, including fish, ichthyosaurs, pterosaurs, crocodilians, and dinosaurs [8] . However, no previously known Mesozoic fossil pellets, other than the examples from the Jehol Biota mentioned above, can be attributed to birds or even non-avian dinosaurs. IVPP V22582 provides the first strong evidence that enantiornithine birds produced gastric pellets.
The inference that oral regurgitation of bone and other indigestible residues occurred in enantiornithines has implications for the evolution of avian digestion. The typical tetrapod condition is to have a stomach with two parts, a cranial fundus and a caudal pylorus that serve different digestive functions but exist as portions of a single lumen rather than as separate chambers [24] . The proventriculus and gizzard of birds probably represent homologs of the fundus and pylorus, respectively, so that the avian stomach has been modified principally through conversion of the pylorus into a muscular gizzard. The gizzard is separated by a constriction from the persistent fundus, now termed a proventriculus.
Crocodilians, the closest living relatives of birds, do regurgitate indigestible items in the form of pellets. As in birds, the crocodilian stomach is two chambered, and one chamber sometimes contains gastroliths and has muscular walls whose contractions presumably compact digestive residues into pellets. The muscular chamber of the crocodilian stomach is often compared to the avian gizzard [24, 25] , but the former is thought to represent a modified fundus instead of a modified pylorus [26, 27] , implying a separate evolutionary origin. Furthermore, the function of crocodilian gastroliths is a long-standing point of uncertainty, and it is possible that crocodilians ingest gastroliths either accidentally or as ballast rather than in order to form a grinding ''mill'' [28] . Extant crocodilian pellets normally lack bone because crocodilians completely decalcify this material in the course of their digestion and pass the demineralized residues in their feces [12] . As a result of the decalcification, fossil coprolites containing recognizable bone fragments are unlikely to have been produced by crown-group crocodilians [29] . However, bone-bearing coprolites that are probably attributable to early members of the Archosauromorpha, the wider clade that encompasses dinosaurs (including birds), crocodilians, and their close fossil relatives, are known from the Triassic [30, 31] . Coprolites that can be attributed to non-avian theropods are rare [32] , but large theropod coprolites from the Jurassic and Cretaceous contain abundant bone fragments [33] . The occurrence of bone in coprolites likely to have been produced by non-avian theropods and early archosauromorphs implies that the crocodilian tendency to completely decalcify bone is an evolutionary innovation and that both ancestral archosaurs and carnivorous non-avian theropods would have passed any ingested bone in their feces.
Assuming the two-chambered stomach did indeed evolve independently in the avian and crocodilian lineages, as one portion of the stomach became modified to form a thick-walled gizzard in each case, the timing of this event on the avian lineage is uncertain. Among non-avian dinosaurs, definitive gastroliths are known in a few non-avian theropods and ornithischians [25, 34] . In most of these cases the gastroliths are numerous enough to imply the presence of an avian-style gastric mill, which presumably would have been enclosed in a gizzard. Gastroliths have been reported in a few sauropods but are not numerous enough to have formed a gastric mill [35] . Taken together, the evidence is compatible with the possibility that an avian-like gizzard existed in all theropods or even all dinosaurs, even if the gizzard contained a mill of gastroliths in only a few taxa. At the other extreme, gizzard analogs may have evolved independently on multiple occasions, even within Theropoda. Nevertheless, oviraptorosaurs and ornithomimosaurs are close relatives of birds, falling within the derived clade Maniraptoriformes, and members of both groups are among the theropods known to possess a large gastrolith cluster [28, 34] . The occurrence of gastric mills within these lineages strongly suggests that the two-chambered stomach configuration seen in modern birds was characteristic of maniraptoriforms in general and was simply inherited by birds. The existence of a gizzard in Mesozoic birds is corroborated by the presence of numerous gastroliths in specimens of the basal bird Sapeornis and the ornithuromorphs Yanornis, Archaeorhynchus, and Hongshanornis [5] .
Although the gizzard appears to be an ancestral maniraptoriform feature, efficient antiperistalsis and oral regurgitation of bone may be more restricted in their phylogenetic scope. Although the absence of known non-avian theropod gastric pellets may partly be due to preservational bias, the presence of bone fragments in coprolites attributable to Tyrannosaurus [32, The stomach is two chambered, with a distinct proventriculus and gizzard, and the indigestible fish bones are being ejected as a pellet; the presence of a crop is likely but uncertain in enantiornithines. The gizzard is depicted in anterior view (cross-section) to show the narrow pyloric opening into the small intestine. cr, crop; es, esophagus; gz, gizzard; pe, pellet; pr, proventriculus.
33] suggests that non-maniraptoriform theropods eliminated ingested bone fragments in their feces. Among non-avian maniraptoriforms, dromaeosaurids and some troodontids were clearly carnivorous, and dromaeosaurid stomach contents confirm that ingestion of bone did take place in at least some taxa [36, 37] . However, neither pellets nor coprolites can be confidently associated with these small carnivorous maniraptoriforms at present, so it is uncertain whether they regurgitated undigested bone fragments or passed them fecally. Even in basalmost birds (i.e., birds outside the clade comprising Enantiornithes and Ornithuromorpha), the record of documented pellets remains limited to a single questionable occurrence in Confuciusornis. However, direct fossil evidence of pellet regurgitation has been reported in the clade Ornithuromorpha, and the new specimen IVPP V22582 represents an equivalent case within Enantiornithes. The available fossil data strongly support the interpretation that the combination of a two-chambered stomach (with a proventriculus and gizzard) and efficient antiperistalsis [14] was already present in the common ancestor of enantiornithines and ornithuromorphs (Figure 3) . If the tentative evidence that Confuciusornis also produced pellets is corroborated, the same suite of digestive features may have been present in some or all basalmost birds as well. Such an advanced alimentary system would have allowed Mesozoic birds to swallow food whole and then expel bones and other hard residues orally, reducing the risk of damage to the intestinal tract.
Although numerous enantiornithines have been discovered over the last three decades, their feeding habits remain open to speculation in most cases. At present, fossilized stomach contents are known in only two enantiornithine specimens: the holotype of Eoalulavis hoyasi from the Lower Cretaceous of Spain retains crustacean exoskeletons [38] , and Bohaiornis guoi (IVPP V17963) preserves a few small rounded stones in the stomach region. These stones are interpreted not as gastroliths but rather as rangles analogous to those swallowed and regurgitated by living raptors in order to purge the alimentary tract [39] . Consequently, most previous studies of enantiornithines have relied on morphological clues, such as the shape of the rostrum and teeth, as a basis for dietary inferences [40] . However, the presence of fish remains in the pellet of IVPP V22582 unequivocally indicates that some enantiornithines were piscivorous. Piscivory was also present in some contemporary ornithuromorphs, such as Piscivoravis and Yanornis [22, 40] , although herbivory appears to have been more common among basal ornithuromorphs [40] . Such basal avian taxa as Jeholornis and Sapeornis were likewise herbivorous [40] ; Confuciusornis may have been piscivorous, based on the putative pellet, but this interpretation remains uncertain [5] . Nevertheless, the available evidence suggests that the ability to regurgitate pellets facilitated the evolution of piscivory and perhaps eventually other forms of carnivory in enantiornithines and ornithuromorphs by providing a safe mechanism for the elimination of bony residues. This must in turn have contributed to the enormous diversification of both clades in the Cretaceous. 
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